The process of ion implantation often involves vacancy generation and migration. The vacancy generation and migration near a monocrystalline silicon surface during three kinds of energetic Si 35 cluster ion implantations were investigated by molecular dynamics simulations in the present work. The patterns of vacancy generation and migration, as well as the implantation-induced amorphous structure, were analyzed according to radial distribution function, Wigner-Seitz cell, and identify diamond structure analytical methods. A lot of vacancies rapidly generate and migrate in primary directions and form an amorphous structure in the first two picoseconds. The cluster with higher incident kinetic energy can induce the generation and migration of more vacancies and a deeper amorphous structure. Moreover, boundaries have a loading-unloading effect, where interstitial atoms load into the boundary, which then acts as a source, emitting interstitial atoms to the target and inducing the generation of vacancies again. These results provide more insight into doping silicon via ion implantation.
Introduction
Ion implantation has been widely used in the semiconductor industry as an effective doping tool in the past decade [1] . Crystals implanted by energetic ions inevitably produce lattice defects, such as vacancies, interstitial atoms, and dislocations. In most cases of ion implantation, the mobile defects ballistically generate and interact with each other via a collision cascade. This process is called dynamic annealing, and involves point defect recombination and clustering. Despite decades of research-due
Simulation Method and Model
In this work, the classical MD method was applied to study the behavior of vacancy generation and migration near a monocrystalline silicon surface implanted with silicon cluster ions. MD simulations were performed by using the large-scale atomic/molecular massively parallel simulation (LAMMPS) software [17] . Figure 1 shows a three-dimensional MD model of silicon cluster implantation into monocrystalline silicon. The green target model is a diamond structure with cubic geometry; its size is 40a × 40a × 40a, where a is the lattice constant of silicon and given as 5.431 Å. The target contains 521,700 atoms and has the same dimension of 21.7 nm in the X, Y, and Z directions. The blue dots, which have a diamond structure, represent incident energetic silicon clusters and have 35 atoms. Periodic boundary conditions are imposed in the X, Y directions. The Z direction is a free boundary condition. The 2a thickness layers at the target's bottom are kept fixed to avert atoms from penetrating the simulated system due to the high density of the collision cascade. The boundary layers that include 2a thickness above the fixed layers and 2a thickness at four lateral boundaries of the target were damped to mimic energy dissipation by draining kinetic energy from the target in a controlled fashion.
The interatomic potential plays an important role in MD simulations, and the empirical potential functions are used to depict interatomic potentials. The short-range repulsive Ziegler-Biersack-Littmark (ZBL) potential [18] is used to describe the binary collision between silicon atoms at short interatomic distances. The Tersoff potential [19] is used to describe the long-range interactions between silicon atoms in covalent systems. Considering that the two above potential functions have respective advantages in the calculation of silicon, the Tersoff/ZBL complex potential-that is, the Tersoff potential smoothly splined to the ZBL potential by a transition function-was applied in this work.
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and V Terso f f ij in Equation (2) indicate the ZBL interatomic potential portion and the Tersoff interatomic potential portion, respectively, r ij is the distance between the i atom and the j atom, r c is the cutoff radius for the ZBL potential, f F r ij in Equation (3) is a transition function that smooths the transition between the ZBL potential and the Tersoff potential, and f F r ij is controlled by the parameter of A F ; the larger the A F , the sharper the transition function, and vice versa. The interatomic potential plays an important role in MD simulations, and the empirical potential functions are used to depict interatomic potentials. The short-range repulsive Ziegler-Biersack-Littmark (ZBL) potential [18] is used to describe the binary collision between silicon atoms at short interatomic distances. The Tersoff potential [19] is used to describe the long-range interactions between silicon atoms in covalent systems. Considering that the two above potential functions have respective advantages in the calculation of silicon, the Tersoff/ZBL complex potential-that is, the Tersoff potential smoothly splined to the ZBL potential by a transition function-was applied in this work.
where and in Equation (2) indicate the ZBL interatomic potential portion and the Tersoff interatomic potential portion, respectively, is the distance between the i atom and the j atom, is the cutoff radius for the ZBL potential, in Equation (3) is a transition function that smooths the transition between the ZBL potential and the Tersoff potential, and is controlled by the parameter of ; the larger the , the sharper the transition function, and vice versa. The MD model was relaxed by using a conjugate gradient energy minimization algorithm before the implantation of energetic Si 35 cluster ions. Then, the silicon cluster was implanted into the target at 7 0 off the normal direction of the silicon (001) surface in order to avoid the channel effect. Afterward, the system was run for 200,000 timesteps under the canonical ensemble to simulate collision cascades between silicon atoms. The timestep was kept at a value of 0.1 fs, which is sufficient for this simulation [16] . The open visualization tool (OVITO) [20] software was used to detect the generation and migration of vacancies during the silicon cluster implantation.
Results and Discussion

Silicon Target Surface Damage during Energetic Cluster Ion Implantation
Incident Si 35 cluster ions were implanted into a monocrystalline silicon target, with each ion having a velocity of 100 Å/ps, 300 Å/ps, and 500 Å/ps, respectively. Then, the total kinetic energy of the incident Si 35 cluster ions was calculated according to the following formula:
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where E K is the total kinetic energy of the cluster ions, N is the number of ions in the cluster, m is the atomic mass of silicon, and v is the initial ion velocity in the cluster. Based on Equation (4), the total kinetic energies of the Si 35 cluster with different initial velocities were obtained; these values are 0.5 keV, 4.6 keV, and 12.7 keV, respectively. When the cluster ions knocked on the target surface, primary knock-on atoms were generated. Then, many of the target atoms left their initial lattice sites and formed numerous vacancies due to the collision cascade. The accumulation of numerous vacancies will induce permanent lattice damage. In order to investigate vacancy-induced damage, the radial distribution function (RDF) of the silicon target was calculated during collision cascades as the first step. RDF is an analytical method commonly used to study changes in an entire structure [21, 22] , and has the following form:
where g(r) is the probability of finding an atom within a distance (r) from the center atom, ρ is the average density of the atoms in the system, and dN is the average number of atoms found in the spherical shell (dr) around the position of r. Figure 2 shows the RDF g(r) of the monocrystalline silicon target at different times during the 0.5 keV Si 35 cluster implantation. It was found that silicon atoms only occupied several specific distances from the center atom, such as r 1 of 2.35 Å and r 2 of 3.84 Å. These two distances are the first neighbor distance and the second neighbor distance in silicon, respectively. Because Si 35 cluster ions only knock on the target surface at 0.1 ps, the silicon target represents a perfect diamond lattice structure and has a long-range order. Elastic collisions were generated between cluster ions and target atoms, and collision cascades dramatically increased. Silicon atoms migrated from their initial lattice sites when the obtained kinetic energies exceeded their displacement threshold energies via an elastic collision. After that, the peaks of RDF decrease at every neighbor distance until 2 ps. It is suggested that many of the Frankel pairs, which are composed of vacancies and interstitial atoms, recombine in this stage. From 2 ps to 20 ps, the RDF curves almost never change and show that the damage has formed a stable structure. This result is in agreement with~2 ps in a different material [23] . Interstitial atoms only possess local rearrangements, without much change in their positions from 2 ps. Incident Si35 cluster ions were implanted into a monocrystalline silicon target, with each ion having a velocity of 100 Å/ps, 300 Å/ps, and 500 Å/ps, respectively. Then, the total kinetic energy of the incident Si35 cluster ions was calculated according to the following formula:
where is the total kinetic energy of the cluster ions, N is the number of ions in the cluster, m is the atomic mass of silicon, and is the initial ion velocity in the cluster. Based on Equation (4), the total kinetic energies of the Si35 cluster with different initial velocities were obtained; these values are 0.5 keV, 4.6 keV, and 12.7 keV, respectively. When the cluster ions knocked on the target surface, primary knock-on atoms were generated. Then, many of the target atoms left their initial lattice sites and formed numerous vacancies due to the collision cascade. The accumulation of numerous vacancies will induce permanent lattice damage. In order to investigate vacancy-induced damage, the radial distribution function (RDF) of the silicon target was calculated during collision cascades as the first step. RDF is an analytical method commonly used to study changes in an entire structure [21, 22] , and has the following form:
where g(r) is the probability of finding an atom within a distance (r) from the center atom, is the average density of the atoms in the system, and dN is the average number of atoms found in the spherical shell (dr) around the position of r. Figure 2 shows the RDF g(r) of the monocrystalline silicon target at different times during the 0.5 keV Si35 cluster implantation. It was found that silicon atoms only occupied several specific distances from the center atom, such as r1 of 2.35 Å and r2 of 3.84 Å. These two distances are the first neighbor distance and the second neighbor distance in silicon, respectively. Because Si35 cluster ions only knock on the target surface at 0.1 ps, the silicon target represents a perfect diamond lattice structure and has a long-range order. Elastic collisions were generated between cluster ions and target atoms, and collision cascades dramatically increased. Silicon atoms migrated from their initial lattice sites when the obtained kinetic energies exceeded their displacement threshold energies via an elastic collision. After that, the peaks of RDF decrease at every neighbor distance until 2 ps. It is suggested that many of the Frankel pairs, which are composed of vacancies and interstitial atoms, recombine in this stage. From 2 ps to 20 ps, the RDF curves almost never change and show that the damage has formed a stable structure. This result is in agreement with ~ 2 ps in a different material [23] . Interstitial atoms only possess local rearrangements, without much change in their positions from 2 ps. Figure 3 shows the RDF comparison during the implantation of Si 35 cluster ions with different kinetic energies. The peak value of the RDF at each neighbor distance decreases with the increase of the total kinetic energy of the cluster ions. This suggests that an energetic cluster with a higher kinetic energy can induce more damage in the target.
Coatings 2020, 10, x FOR PEER REVIEW 5 of 10 Figure 2 . Radial distribution function of the silicon target during 0.5 keV Si35 cluster implantation. r1 is the first neighbor distance, and r2 is the second neighbor distance. Figure 3 shows the RDF comparison during the implantation of Si35 cluster ions with different kinetic energies. The peak value of the RDF at each neighbor distance decreases with the increase of the total kinetic energy of the cluster ions. This suggests that an energetic cluster with a higher kinetic energy can induce more damage in the target. 
Vacancy Generation and Migration during Si35 Cluster Implantation
On the basis of Section 3.1, it is demonstrated that the silicon target rapidly changes its internal lattice structure due to the implantation of energetic cluster ions within 2 ps. As one form of change in the internal lattice structure, vacancies induce target damage. Therefore, we first measured vacancy generation and migration within 2 ps. In order to study vacancy generation and migration in the silicon target during Si35 cluster implantation, Wigner-Seitz cell analysis [24] was applied in this work. A Wigner-Seitz (W-S) cell is a primitive cell enclosed with perpendicular planes at the midpoint of the lines between a center atom and the nearest atoms. Figure 4 shows vacancies' evolution in the silicon target during 0.5 keV Si35 cluster implantation. At the beginning of vacancies generation, vacancies are generated with a hemispherical morphology along the negative Z axis direction, as shown in Figure 4a . However, from 0.8 ps, vacancies are generated in four primary directions, which are the four body diagonal directions from a cubic center shown in Figure 4f , and form four hemispherical structures in the silicon target. Then, due to the continuous increase in collision cascades, vacancies are generated to the maximum in the four primary directions at 1 ps. After that, the recombination of vacancies and interstitial atoms occurs faster than the generation of vacancies. At the end, the vacancies in the silicon almost never changed, as shown in Figure 4d ,e. These processes suggest that vacancies are generated in primary directions rather than random directions. In order to compare these results, we also measured vacancies' evolution in the silicon target during 4.6 keV and 12.7 keV Si35 cluster implantation, as shown in Figure 5 . It was found that vacancies were never generated in the four primary directions in the two cases: the incident direction of the cluster is the primary direction of vacancy evolution. 
Vacancy Generation and Migration during Si 35 Cluster Implantation
On the basis of Section 3.1, it is demonstrated that the silicon target rapidly changes its internal lattice structure due to the implantation of energetic cluster ions within 2 ps. As one form of change in the internal lattice structure, vacancies induce target damage. Therefore, we first measured vacancy generation and migration within 2 ps. In order to study vacancy generation and migration in the silicon target during Si 35 cluster implantation, Wigner-Seitz cell analysis [24] was applied in this work. A Wigner-Seitz (W-S) cell is a primitive cell enclosed with perpendicular planes at the midpoint of the lines between a center atom and the nearest atoms. Figure 4 shows vacancies' evolution in the silicon target during 0.5 keV Si 35 cluster implantation. At the beginning of vacancies generation, vacancies are generated with a hemispherical morphology along the negative Z axis direction, as shown in Figure 4a . However, from 0.8 ps, vacancies are generated in four primary directions, which are the four body diagonal directions from a cubic center shown in Figure 4f , and form four hemispherical structures in the silicon target. Then, due to the continuous increase in collision cascades, vacancies are generated to the maximum in the four primary directions at 1 ps. After that, the recombination of vacancies and interstitial atoms occurs faster than the generation of vacancies. At the end, the vacancies in the silicon almost never changed, as shown in Figure 4d ,e. These processes suggest that vacancies are generated in primary directions rather than random directions. In order to compare these results, we also measured vacancies' evolution in the silicon target during 4.6 keV and 12.7 keV Si 35 cluster implantation, as shown in Figure 5 . It was found that vacancies were never generated in the four primary directions in the two cases: the incident direction of the cluster is the primary direction of vacancy evolution. The time dependencies of vacancy generation and migration in the silicon target during three kinds of cluster implantations were also analyzed ( Figure 6 ). In the first picosecond, vacancies rapidly increased to their maximal peak, and the cluster ions with higher incident kinetic energies induced more vacancies. After 2 ps, vacancies began to decrease due to the rapid recombination of vacancies and interstitial atoms. This decreasing trend did not reach the equilibrium state in the silicon target, but several increased vacancy peaks were generated in the silicon target, such as p1, p2, and p3 peaks. This is because target boundaries can emit interstitial atoms to a target and generate vacancies when implantation-induced vacancies reach the boundaries. This explanation was verified by a previous study [25] . It is suggested that boundaries have a loading-unloading effect, where interstitial atoms The time dependencies of vacancy generation and migration in the silicon target during three kinds of cluster implantations were also analyzed ( Figure 6 ). In the first picosecond, vacancies rapidly increased to their maximal peak, and the cluster ions with higher incident kinetic energies induced more vacancies. After 2 ps, vacancies began to decrease due to the rapid recombination of vacancies and interstitial atoms. This decreasing trend did not reach the equilibrium state in the silicon target, but several increased vacancy peaks were generated in the silicon target, such as p1, p2, and p3 peaks. This is because target boundaries can emit interstitial atoms to a target and generate vacancies when implantation-induced vacancies reach the boundaries. This explanation was verified by a previous study [25] . It is suggested that boundaries have a loading-unloading effect, where interstitial atoms The time dependencies of vacancy generation and migration in the silicon target during three kinds of cluster implantations were also analyzed ( Figure 6 ). In the first picosecond, vacancies rapidly increased to their maximal peak, and the cluster ions with higher incident kinetic energies induced more vacancies. After 2 ps, vacancies began to decrease due to the rapid recombination of vacancies and interstitial atoms. This decreasing trend did not reach the equilibrium state in the silicon target, but several increased vacancy peaks were generated in the silicon target, such as p1, p2, and p3 peaks. This is because target boundaries can emit interstitial atoms to a target and generate vacancies when implantation-induced vacancies reach the boundaries. This explanation was verified by a previous study [25] . It is suggested that boundaries have a loading-unloading effect, where interstitial atoms load into the boundary, which then acts as a source, emitting interstitial atoms to the target and inducing the formation of vacancies again.
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Identify Diamond Structure Analysis
The cluster ions implantation-induced generation and migration of vacancies resulted in damages to the silicon target. In order to investigate the degree of damage during cluster implantation, we used identify diamond structure (IDS) analysis [26] to distinguish the diamond lattice structure and amorphous structure. Figure 7 shows the total IDS damage in the target during three kinds of cluster implantations. It was found that cluster ions with higher incident kinetic energies can induce more IDS total damage. The damages rapidly reach maximal peaks within the first two picoseconds and never change after two picoseconds. However, the amorphous morphologies of the three cases are different from each other. Figure 7a shows a hemispheric amorphous morphology, while Figure 7b ,c show approximate conical amorphous morphologies. When comparing the three cases, we found that cluster ions with a higher incident kinetic energy induce a deeper amorphous structure. 
Conclusions
In summary, we have described vacancy generation and migration near the monocrystalline silicon surface during energetic Si35 cluster implantation by using MD simulations. To illustrate vacancy generation, migration, and implantation-induced damage, we have used RDF, W-S cell, and IDS analytical methods in this work. Our results have demonstrated that, for the three implantation 
In summary, we have described vacancy generation and migration near the monocrystalline silicon surface during energetic Si 35 cluster implantation by using MD simulations. To illustrate vacancy generation, migration, and implantation-induced damage, we have used RDF, W-S cell, and IDS analytical methods in this work. Our results have demonstrated that, for the three implantation conditions, a lot of vacancies are rapidly generated and migrate in primary directions and form amorphous structures within the first two picoseconds. Clusters with a higher incident kinetic energy can induce the generation and migration of more vacancies and a deeper amorphous structure. Moreover, boundaries have a loading-unloading effect, where interstitial atoms load into the boundary, which then acts as a source, emitting interstitial atoms to the target and inducing the generation of vacancies again. These results can be used to better understand the doping of silicon via ion implantation.
